Introduction
Steady state operation (SSO) of magnetic fusion devices is one of the goals of fusion research. To achieve the SSO of spherical tokamaks (STs), issues relating to non-inductive plasma maintenance and plasma-wall interaction (PWI) need to be addressed. Because of the limited central solenoid flux in STs, methods for non-inductive plasma current start-up and sustainment are required. Recently, experiments on plasma start-up using radio-frequency (RF) microwaves have been successfully performed on various STs [1] [2] [3] [4] [5] [6] [7] [8] . Experimental results indicate that an RF-induced plasma start-up is a promising way to achieve sufficient plasma current. The next step of development is to investigate for how long and by how much plasma current can be driven by the non-inductive current drive technique.
There are a wide range of issues relating to the PWI that are complicated and linked not only to plasma science but also material science. To realize the SSO, both the power and particle balances must be satisfied. Specifically, the fuel particle balance is directly connected to the hydrogen isotope behaviour in the material. In a state of wall saturation, the amount of hydrogen isotopes injected into the wall is completely balanced by the amount emitted and wall pumping is no longer effective. The state of wall saturation is likely to give rise to uncontrollability of the density and frequently terminates the plasmas.
Tore Supra has plasma-facing walls (PFWs) made of carbon, and the CIEL project was established to diminish the abrupt deuterium emission from the wall by keeping the temperature of all the PFWs constant [9] . Consequently, an injected discharge of 1 GJ can be obtained for 6 min without the appearance of density uncontrollability, which had sometimes been observed before the CIEL project began. The pulse duration was restricted by the device capability rather than by the imbalance of particles and wall pumping still worked substantially at the end of the discharge. This huge amount of wall pumping was primarily caused by the carbon (C) contained in the PFWs. In JT-60U, which also had PFWs made of C, a study of the local and global wall saturation mechanisms in the ELMy H-mode was performed [10] . Local wall saturation was detected during a single short-pulse discharge and strongly depended on the wall temperature determined passively by the plasma-induced heat flux. Global wall saturation was observed in the PFWs made of tungsten (W) in ASDEX-U [11, 12] . The supplied deuterium molecules and atoms were completely evacuated by external pumping for 1 s and the wall pumping was actually saturated faster than for the carbon PFWs. These observations indicate that the wall pumping process can be governed by both the wall material and the temperature.
The longest plasma duration in the tokamaks exceeds 5 h and was achieved in TRIAM-1M [13] , where accurate power balance [14] and particle balance [15] were studied. The power balance appeared to be achieved because every monitor of temperature on the PFWs remained constant. However, the longest-lived plasma spontaneously terminated, and the reason for this behaviour is still unclear. One possible reason is a small imbalance of fuel particles. The wall pumping did not work well during the discharge and it was difficult to achieve sufficient pumping to counteract the hydrogen atom (H) or hydrogen molecule (H 2 ) emission. Density control by gas puffing became difficult and its uncontrollability could have finally terminated the plasma. To avoid this, the reduction of wall-stored H is essential, it being the only source of H/H 2 emission from the wall.
Fuel particle balance is inextricably linked to the tritium inventory. In several devices, PFWs made of W have been replaced because W is expected to reduce the tritium inventory.
In ASDEX-U, comparing W and C PFWs, the deuterium content at the divertor plates decreases by a factor of 13 when using W instead of C [16] . The ITER-like wall (ILW) project has been launched in JET to predict the tritium inventory and aid ITER's deuterium-tritium operation [17] . The long-term deuterium retention in the ILW has been decreased considerably. Alternatively, short-term (dynamic) retention has been enhanced [18] , which sometimes leads to a lack of density control through excessive fuel recycling. Moreover, it is well known that higher recycling is likely to degrade plasma confinement [19] . As high recycling, while avoiding density uncontrollability and degradation of confinement, is an inevitable situation in obtaining the SSO of fusion power plants, the development of some active methods to regulate the amount of wall-stored fuel particles and recycling becomes essential. The temperature of PFWs may give us a method for realizing this goal. The dependence of the amount of wall-stored fuel particles and recycling on the wall temperature should be investigated on actual devices promoting fusion-oriented experiments.
Fully non-inductive plasma start-up and its sustainment have been successfully demonstrated in QUEST using a wellcontrolled microwave source with an RF of 8.2 GHz and a power of up to 100 kW [20] [21] [22] , allowing the power [23] and particle [24] balances of long-duration discharges to be studied. QUEST is a tokamak-type device capable of providing longduration discharges [25, 26] and has been equipped with a hot wall to control PFW temperature since 2015 (2014 autumn/ winter campaign). The motivation of implementing the hot wall was firstly to lower H retention in the wall, thereby facilitating density control through external fuelling and external pumping during long-duration discharges. The decrease of H retention is expected to diminish the risk of uncontrolled plasma termination. Secondly, the reduction of the tritium inventory is an important issue for future fusion power plants and a higher temperature wall may be helpful in achieving this requirement. Moreover, wall temper atures in future fusion power plants should be regulated to around 823 K to allow efficient heat transport for electricity production. However, plasma operation at temperatures above 773 K have not yet been performed. We need to investigate plasma properties with a high-temperature wall. Experiments at QUEST have already obtained the good reproducibility of non-inductive RF-driven plasmas with durations of more than 10 min with a hot wall [27, 28] . The fuel particle balance in long-duration discharges with various wall temperatures in QUEST has been investigated, and a plausible explanation for particle balance has been proposed [24] .
In this paper, we report experimental data for the time evolution of the amount of wall-stored H in long-duration discharges and provide a possible explanation for the progress of particle balance. The ability of the hot wall to control wallstored H and H recycling is demonstrated. In section 2, the experimental apparatus of QUEST and the historical progress made to date to achieve long-duration discharges are introduced. Experimental results and a plausible model to explain the measured data are described in section 3, including the first experimental results for the hot wall. The findings are summarized in section 4.
Experimental apparatus and historical progress in SSO of STs
A schematic cross-sectional view of QUEST [23, [25] [26] [27] ] is shown in figure 1 . Four pairs of poloidal field (PF) coils, three separated central solenoids, and a pair of horizontal magnetic field PF coils were installed to form various magnetic configurations. A pair of cancellation coils were also installed to form a field null for ohmic heating. Each coil can operate individually to form various configurations. Three types of microwaves were available to drive the plasma current and heat the plasmas with the following frequency and power parameters: 2.45 GHz and <50 kW, 8.2 GHz and <200 kW (this system consists of eight 25 kW klystrons) [26] , and 28 GHz and 300 kW [29] [30] [31] . These microwaves are able to operate in a steady state, except for the 28 GHz system.
The vacuum vessel on the high-field side (centre-stack vessel) was completely covered by a centre-stack vessel cover made of stainless steel with a thickness of 3 mm and coated by atmospheric plasma-sprayed tungsten (APS-W) [27, 32] with a thickness of 0.1 mm. Four fixed water-cooled limiters made of W blocks were installed in the mid-plane area in four equally distributed toroidal locations. These blocks protruded out from the centre-stack vessel cover by 15 mm. Two fixed water-cooled limiters made of W blocks were also installed 85 cm above the mid-plane at two toroidal locations separated equally from each other. The vacuum vessel on the low-field side was modified to form a hot wall made of 316L stainless steel coated with APS-W and with a thickness of 0.1 mm, as shown in figure 2 . The hot wall was installed on QUEST in the 2014 autumn/winter (A/W) campaign, and its operation began in the middle of the 2014 A/W campaign. The hot wall had 24 × 2 heater-cooling panels on the top and bottom conical areas, as illustrated in figure 2 , and the vacuum vessel was thermally insulated so that its temperature remained lower than 423 K to protect the plasma-heating and diag nostics devices. In the mid-plane area, a thin 316L stainless steel panel with an appropriate hole to install the specific piece of equipment from the ports, and a radiation shield was used to avoid transporting the heat load to unexpected areas. The vacuum vessel was covered with lagging materials and its airside surface temperature was regulated to remain lower than 323 K to avoid burning users [27] .
The top flat divertor was composed of 16 panels made of stainless steel coated with W and a thickness of 0.1 mm. These divertor plates also contained four fixed limiters made of W blocks, as shown in figure 1 . Four water-cooled divertor limiters made of W tightly connected to a copper (Cu) block were installed on the top divertor panels, and have been available since the 2011 spring/summer (S/S) campaign. The W side faced the plasma and the Cu side was connected to the inlet and outlet water cooling channels. The W block on each top divertor plate protruded out by 5 cm. A pair of electrodes made of 304L stainless steel were installed for the coaxial helicity injection experiment, and one electrode was electrically insulated by ceramic plates from the vacuum vessel. Overall, approximately 20 m 2 of the wall faced the plasma, which included 5.6 m 2 of the stainless steel surface and an area of 14.1 m 2 that was covered with W or APS-W. Two movable water-cooled limiters made of W were installed to effectively remove the heat load from the energetic electrons [23, 27] .
The absolute number of wall-stored H was calibrated with a manometer installed in a H 2 gas line [33] . The volume of the line was measured and the variation of its pressure was measured with the manometer. Thus, it was possible to obtain the absolute number of supplied H 2 gas molecules. The gas line had a flowmeter to regulate the H 2 gas flux and the H 2 gas was always injected with the flowmeter, except for the initial gas for plasma breakdown, which was always supplied through a piezo valve. The vessel in QUEST was evacuated with a turbo molecular pump and four cryopumps. A quadrupole mass analyser (QMS) was placed on the bottom plate of the vessel where three cryopumps had been installed. The QMS was directly installed on the port from the vacuum vessel without differential pumping and was covered with the magnetic material Fe 2 cm in thickness to avoid the effect of the QUEST-oriented magnetic field. The effective pumping rate for H was approximately 4 m 3 s
, which was calibrated in the following manner. Before each daily plasma experiment, H 2 gas was injected with the flowmeter at ten levels of flux, and saturated partial pressures of H 2 were measured at every level with the QMS. Consequently, the QMS signal indicated the absolute H 2 flux evacuated from the vessel. The partial pressure of H 2 measured with the QMS was also available and the effective pumping rate was simultaneously calibrated. The absolute number of retained H atoms was derived from the difference between the injection and evacuation H 2 fluxes.
The historical progress of the SSO of QUEST during the 2010-2016 campaigns is summarized in figure 3 , where the pulse duration achieved is displayed as a function of the shot number (no.). Progress during 2010-2012 and the typical magnetic configurations are reported in [26] . Since the 2012 S/S campaign, a power balance has been achieved at a power level of 100 kW and the main issue is now particle balance [23, 24] and active heating of the hot wall is available. However, active cooling does not work at present because of the lack of a connection to the water-cooling channel. Because the hot wall is always exposed to the heat load from the plasma, such as that from the charge exchange neutrals and escaping plasma as well as radiation during plasma discharges, the surface temper ature of the hot wall rose by approximately 30 °C during 1 h 55 min of discharge. The PFWs in the mid-plane areas are composed of thin stainless steel panels and their temperature is likely to rise during discharge, even though they are not actively heated. During the longest discharge, the temperature of the PFW in the mid-plane area rose from 373 K to 473 K. The PFW in the mid-plane area had no heater and only radiation was deposited. Consequently, at the beginning of each plasma discharge, the temperature of the PFWs was lower than that of the hot wall and then reached a similar temper ature during long-duration discharges. It should be noted that the different time evolution of each PFW gives rise to complex wall behaviour and may lead to an inaccurate understanding of the system. Complete control of the wall temperature by installing an active cooling instrument is intended in future work.
Experimental results
The first experiment with the hot wall was performed during the 2014 A/W campaign (shot no. 28707). The shot history of the plasma current, I p_Hall , the intensity of the line emission of the longest wavelength in the Balmer series, I Hα , and the intensity of the line emission from the O + ions, I OII , are plotted in figure 4(a) . The data during the first four exper imental days is also presented in figure 4(b) , where the hot wall temperature was set to 473 K. A high level of I Hα was observed on the first day and no plasma current start-up was obtained. The peak of I OII was retarded by almost ten discharges from that of the I Hα . It should be noted that a non-inductive RF current-driven plasma start-up, which is a routine operation in QUEST, was used to check the effect of the hot wall operation. The injected RF power, magnetic configuration and plasma duration (~30 s) were similar, except on the third day. After the last discharge of the first day, I Hα was still higher than that without the hot wall operation. On the next day, the level of I Hα gradually decreased shot by shot. In the middle of the second day, a small plasma current was observed which gradually increased. Finally, the plasma current reached 6 kA on the second day. This clearly shows that the hot wall experiment was ready. In fact, the plasma current start-up was obtained at the beginning of the fourth experimental day, although a different type of experiment (an electron cyclotron resonance heating experiment) was conducted the day before. It is a well-known phenomenon that plasma start-up is much easier after it has already been achieved once. Triangles, circles and rectangles show the data sets for the limiter, inboard null and divertor configurations, respectively, as described in [26] . The hot wall started to operate at 473 K for shot no. 28707. The hot wall temperature is normally set at 473 K but sometimes changes in the range of 393 K-523 K depending on the intended use. It should be noted that the longest discharge (shot no. 32737) was performed with a hot wall temperature of 393 K. In this figure, S/S and A/W mean spring/summer and autumn/winter, respectively. During the 2015 A/W campaign, a discharge of several thousand seconds was obtained with an inboard null configuration [34] at a hot wall temperature of 473 K. In the 2016 S/S campaign, a 1 h 55 min discharge was achieved with a limiter configuration and a hot wall temperature of 393 K. The typical waveforms of the longest discharge are shown in figure 5 . The plasma current was reconstructed with Hallgenerator signals [35] . Unfortunately, the main data acquisition system overwrote the data and the information before 4000 s was erased. However, the Hall-generator signal needed to reconstruct the plasma current was stored with a sub data acquisition system. Although the plasma density and current were extremely low, a limiter configuration with an aspect ratio of 1.8 was formed according to a magnetic analysis of similar discharges [7] . The line emission intensity I Hα was controlled and kept at a constant value with a developed feedback system [36] . The in-vessel partial H 2 pressure was monitored with the QMS. The plasma density and temperature in the far scrape-off layer region were measured with a reciprocating probe [38] , and the time evolution of the density was similar to that of the core plasma, as illustrated in figure 5 . For comparison, a discharge with a hot wall temperature of 473 K is presented in figure 6 , where plasma operation was purposely terminated at 1800 s. It was found that the uncontrollability of I Hα and the density appeared at the end of the discharge. The plasma density was monitored with an interferometer viewing along the mid-plane of the plasma. The densities for plasmas with hot wall temperatures of 393 K and 473 K are displayed in figures 5(c) and 6(c), respectively. The density, the line emission intensity, the plasma current and the injected RF power for 473 K were similar to those in the discharge at 393 K. A similar electron temperature was expected in both discharges. Unfortunately, although the electron temperature was monitored by a Thomson scattering system [39] , the system did not work during the longduration discharge. Because the vacuum vessel temperature, rather than the hot wall temperature, was kept at 373 K during the experimental campaign, it was difficult to lower the hot wall temperature to room temperature. [26, 27] . The currents denoted by I BT , I PF17 , I PF26 , I PF351 , I PF352 and I PF4 are abbreviations for the toroidal field coil current, seriesconnected poloidal field coil currents 1 and 7, series-connected poloidal field coil currents 2 and 6, series-connected poloidal field coil currents 3-1 and 5-1, series-connected poloidal field coil currents 3-2 and 5-2, and poloidal field current coil 4, respectively. The vertical lines in (b) indicate the experimental day intervals. Note that different y-axes (left y-axis or right y-axis) are used for different quantities. The collisional radiative model in [40] predicts proportional relationships between I Hα and the sum of the ionization rate of H, Γ ion as well as the charge exchange (CX) reaction rate of H, Γ CX , over a wide range of electron temperatures (T e = 10-100 eV), as shown in figure 7 . Under steady-state conditions, Γ ion should be equivalent to the loss flux of H. Lost H ions reach the PFWs and play a partial role in the incoming H flux to the PFWs. Normally, the energy of charge exchange neutrals increases during their interaction with ions and is likely to rapidly reach the PFWs. The sum of Γ ion and Γ CX provides the H flux incoming to the PFWs. Therefore, I Hα is a good indicator for controlling the amount of H flux to the PFWs [37] . We found that I Hα could not be controlled after approximately 4000 s for shot number 32737 and 1000 s for shot number 32700. An increment of I Hα is likely to drive an enhancement of the plasma density. The poor controllability of the plasma density frequently induces a drastic plasma modification and terminates it, as shown in figure 5 at around 6900 s. In the discharge, it is difficult to maintain the plasma with a closed-flux surface and it shifts to an electron cyclotron resonance heating plasma. An increment of I Hα may be avoided by reducing the neutral H 2 pressure in the plasmaproducing vessel, but this could not be accomplished in our experiment. Neutral compression, i.e. obtaining higher neutral pressure at the entrance of external pumps, is expected to enhance external pumping and its implementation is necessary to SSO.
The particle balance was analysed by injecting and evacuating H 2 fuel, as shown in figure 8. The wall-stored H flux was derived from the difference between the injection and evacuation H 2 fluxes, because the time variation of electron density ). The amount of wallstored H is significantly larger than that in the discharge with a hot wall at 393 K, as shown in figure 9 (e). The progress of particle balance can be classified into three phases (I, II and III), as indicated in figures 8 and 9. In phase I, wall pumping worked well and the wall pumping rate was much higher than the pumping rate provided by the external pumps installed on QUEST. At the beginning of the discharge, the amount of wallstored H reached more than 90% of the amount of injected H, and even at the end of phase I, it was possible to store more than half of the number of injected H in the wall. In phase II, the fuel supply was sometimes closed by the feedback control to keep the H α intensity level constant. In this situation, the level of wall-stored H must decrease. The decrease of wallstored H gives rise to the recovery of wall-pumping, and therefore the fuelling system was able to supply additional H fuel to the vessel. This behaviour was repeated and the period became longer and longer with the discharge duration until, finally, the fuelling system did not operate anymore. At this point, the particle balance moved to phase III in which no fuelling occurred. Therefore, the measured amount of wall-stored H was much lower in phase III than the amount in phase II. The phase durations in the plasmas with hot wall temperatures of 473 K and 393 K are directly compared with each other in figures 8 and 9. The phases in the plasma at 473 K show more rapid progress than those for the plasma at 393 K. In phase III of the plasma at 473 K, I Hα gradually increased because of excess emission of H from the wall, which finally terminates the discharge.
To understand the particle balance behaviour, we closely investigated the wall characteristics of QUEST. Before installation of the hot wall, the whole surface of the QUEST PFW was investigated with ellipsometry, transmission electron microscopy, x-ray photoelectron spectroscopy, gas discharge optical emission spectroscopy, and colorimetry [41] . It was found that the top and bottom halves of the PFW were respectively covered with thin (<10 nm) and thick (20-100 nm) deposited layers composed of C, W and stainless steel materials [41] . The deuterium storage capability of QUEST plasma-exposed specimens was measured through implantation of deuterium molecule ions (D + 2 ) and consequent thermal desorption spectroscopy [24] . Nuclear reaction analysis (NRA) during deuterium plasma exposure revealed that few or no deuterium atoms had permeated the substrate. Consequently, we confirmed that a barrier for H transport formed at the boundary between the deposited layer and substrate and a wall model with a hydrogen barrier (HB) was proposed [24] . The HB model is different from conventional diffusion and recombination limiting models [42] because it considers the difference of the chemical potentials of H isotopes between the deposited layer and the substrate.
The HB model was used to study the particle balance in long-duration plasmas with the hot wall in QUEST. The HB model can quantitatively describe these phenomena, as shown in equation (1) . We assumed that H diffusion in the deposition layer was fast because the diffusion path was short. The following equation expresses the progress of the wall pumping rate at a certain constant H flux being implanted on the wall:
and γ are the number of H atoms dissolved in the wall material, the number of H atoms trapped in the defects of the deposited layer, the upper-limit number of H atoms trapped in defects in the deposited layer, the surface area, the net flux per unit area of H atoms implanted into the wall material, the surface recombination coefficient of the H atoms, the deposited layer thickness, the H trapping rate and the H de-trapping rate, respectively. Normally, the deposited layer is less than 100 nm thick. Equation (1) indicates Figure 8 . The time evolution of (a) the plasma current, (b) the H α (red) line emission intensity and the partial pressure of H 2 in the vessel (blue), (c) the injected H 2 flux into the vacuum vessel, (d ) the amount of injected (red line) and evacuated (blue dotted line) H 2 , and (e) the measured amount of wall-stored H (red line) as well as the calculated amounts of wall-stored H using the HB model (blue dotted line, using H W + H T in equation (1)), dissolved H (green dashed line, using H W in equation (1)), and trapped H (black dotteddashed line, using H T in equation (1) that the time evolution of the wall-pumping rate dH W /dt has a parabolic relationship with H W as long as H T is negligible.
The relationship described above was examined for the longest-duration discharge in QUEST. The model was used to analyse the particle balance, as shown in figures 8(e) and 9(e). Figure 8(e) shows that the amount of wall-stored H in the experiment vanishes for a long time. After the final fuelling, a small flux of H emission was continuously observed. This flux is likely due to plasma-induced emission from the wall or enhanced outgassing, but the precise nature of the emission still has not been identified. This small emission is not taken into account in the analysis using equation (1) because the emission flux is not significant in phases I and II. The calculation takes into account the wall pumping rate in phases I and II, and consequently its influence gradually accumulates with the discharge duration. Finally, figures 8(e) and 9(e) show that the experimental data is considerably different from the calculated amounts of wall-stored H in the late phase III. In contrast, the calculated amount of wall-stored H in phases I and II reproduces the experimental findings well in both cases. More than half of the wall-stored H may have been caught in trapping sites; this is similar to the observation of the NRA during deuterium exposure. We derived d(H W + H T )/dt from the difference between the injection and evacuation H 2 fluxes. The amount of wall-stored H was obtained by time integration of d(H W + H T )/dt and setting the initial amount to zero. This is because the long discharges were made in the early phase on the day of the experiment, and most of the wallstored H was expected to be released during the night without discharges. Moreover, on the QUEST wall, dynamic retention of H is dominant even when the wall drops to room temperature in an uncontrolled state. The wall controlled at a higher temperature is rather active and most of the wall-stored H is always released during the shot interval. Figure 10 displays the wall pumping rate for the longest discharge with a hot wall temperature of T W = 393 K (shot number 32737) and for the discharge with T W = 473 K (shot number 32700) plotted as a function of the amount of wallstored H. The wall pumping rate is measured according to the difference between injecting H flux into the plasma vessel measured with the calibrated gas flow meter denoted in figures 8(c) and 9(c), and evacuating one from the vessel measure with the H 2 partial pressure shown in figures 8(b) and 9(b), multiplied by the calibrated pumping rate for the external pumps. In the initial phase of the discharges (i.e. for less than 1.5 × 10 20 wall-stored H atoms), the measured data is scattered, which basically gives rise to an uncontrolled H α signal in the developed feedback system. We omitted the data in the initial phase of the discharges, because the plasma conditions, such as density and temperature, must be fluctuating drastically and it is not sufficient to keep the H flux injected into the wall constant. As the feedback control of the H α signal was used, the injected H flux is constant after the amount of wallstored H is larger than 1.5 × 10 20 . Figure [33] . The flux of H injected into the wall is equivalent to the wallpumping rate of H when the amount of wall-stored H is zero, and is denoted by a dashed line in figure 10 . A parabolic relation is clearly observed for low amounts of wall-stored H (<3 × 10 20 ), which suggests that the proposed HB model explains the H fuel balance. The model shows that k increases for increasing values of T W , and consequently allows particle balance, including wall saturation, to be reached rapidly. In the region where H W + H T is higher than 3 × 10 20 , the relationship is not well described by the predicted equation ignoring H T . Here, the H atoms trapped in the deposition layer play a role in the particle balance.
The emitted H flux from the wall can be evaluated as the difference between the injected H flux and the wall pumping rate. In figure 11 the ratio of the emitted flux from the wall to the injected flux, which is referred to as the 'global recycling ratio', R g , is plotted. We assume that the H flux injected into the wall was kept at the constant value denoted in figure 10 , except for the initial phase of the discharge, where the amount of wall-stored H was less than 1.5 × 10 20 . The value of R g significantly increases with an increasing wall temperature. Figures 10 and 11 demonstrate the possibility of controlling the amount of wall-stored H, the wall pumping rate and R g . The figures indicate that the wall temperature is one of the parameters that can be used to control particle balance. Note, however, that we could not completely control the density in both cases. The negative wall pumping and recycling rate exceeding 1 are the main reason for the difficulty in controlling particle balance. We consider that plasma-induced desorption, which is caused by energetic ion and/or neutral implantation into the wall materials, was gradually enhanced, during which time the plasma was maintained-but this has not been confirmed yet. Ideally, the neutral H and/or H 2 pressure should be kept constant in the plasma-producing vessel to obtain a real SSO, but this could not be achieved. As the external pumping capability is proportional to the neutral pressure as well as the pumping rate, neutral compression to enhance neutral pressure is required to obtain the SSO and this will be the goal of future work.
Summary
Non-inductive plasma start-up and maintenance were demonstrated with the RF-induced current drive of QUEST. The longest duration of plasma maintenance was 1 h 55 min, during which the predicted particle balance was partially confirmed. For similar plasma parameters, such as the plasma current, density and I Hα , which are expected to deposit an equivalent H flux on the PFW, the wall pumping rate and global recycling ratio at the same amount of wall-stored H strongly depends on the wall temperature. Particle balance phases progressed more rapidly at the higher wall temperature of 473 K compared with the phases at 393 K. These observations were quantitatively explained by the hydrogen barrier model, which is based on the presence of a hydrogen transport barrier between the deposited layer and the substrate. The model shows that a higher wall temperature enhances surface recombination and consequently allows particle balance, including wall saturation, to be achieved rapidly. Effective wall pumping does not work during wall saturation until the wall temperature has been modified. Less effective, or no wall pumping, is an inevitable situation for realizing SSO. With relatively short pulse operation, wall pumping becomes dominant, which is not the case in real SSO. Both the unexpected emission of wall-stored H, frequently inducing the uncontrollability of the plasma density, and the simultaneous excessive increase of tritium retention due to wall pumping, must be avoided. Both of them are inherently caused by wall-stored fuel particles and high recycling, i.e. a reduction of the wall-stored fuel particles is needed to resolve this problem. We should take active steps to reduce all stored fuel particles. The hot wall plays an essential role in reducing the amount of wall-stored H and facilitating H recycling, but we could not achieve complete control of the density. Increasing the amount of neutral H and/or H 2 pressure in the plasma-producing vessel should be avoided, but this could not be accomplished in the present work. Neutral compression to enhance external pumping is required to resolve the issue and this will be the goal of future work. The experimental data indicates that regulation of the wall temperature will make it possible to avoid the uncontrollability of density in the SSO. When the uncontrollability of density arises, tentative reduction of the wall temperature can enhance wall pumping and is the way to produce a recovery. After recovery, the wall temperature should be returned to the standard high temperature. This is another use of the hot wall for SSO. The global recycling ratio for shot number 32737 with a hot wall temperature of 393 K (blue dots) and for shot number 32700 with a hot wall temperature of 473 K (red dots) plotted as a function of the amount of wall-stored H. The red (32700) and blue (32737) solid lines indicate the calculated recycling rate using the values based on equation (1) in each case. For amounts of wallstored H smaller than 1.5 × 10 20 , the H α signal fluctuates due to the initial phase of the discharge, and therefore it is difficult to evaluate the global recycling ratio, R g . We omit the data for amounts of wallstored H smaller than 1.5 × 10 20 in both discharges.
